Introduction
Iron deficiency is an important contributory factor in the pathogenesis of anemia in patients with nondialysis-dependent chronic kidney disease (ND-CKD). When thresholds for iron parameters are applied that have been established in dialysis patients, iron deficiency affects ~ 60% of male and 70% of female ND-CKD patients [1] . There are several causes of inadequate iron availability in ND-CKD, including poor appetite and low dietary intake of iron, restricted gastrointestinal absorption of iron due to increased hepcidin levels, and an increased tendency of bleeding in the gastrointestinal tract [2, 3] . Identification of iron deficiency should prompt an assessment of dietary adequacy, overt or occult causes of blood loss, and medications that can interfere with iron uptake, and iron supplementation is required in most cases. The Kidney Disease Improving Global Outcomes (KDIGO) recommendations suggest that iron therapy should be used in patients with ND-CKD to correct iron deficiency, either alone or prior to starting erythropoiesis-stimulating agent (ESA) therapy [4] .
Oral iron therapy is often used in this setting since it is inexpensive and convenient [5, 6] . However, gastrointestinal side-effects are frequent, and rapid iron repletion is by no means assured since the bioavailability of iron from oral preparations is low and varies widely. Numerous factors contribute to this variability. Elevated hepcidin levels induced by the chronic inflammatory state of uremia [7] inhibit intestinal absorption of iron [8] , but the extent of hepcidin upregulation differs substantially between individuals [9] . Absorption from oral iron preparations is also influenced by concomitant food or by co-medications such as calcium carbonate, phosphate binders, or proton pump inhibitors. Genetic variants on iron-related genes also appear to influence the bioavailability of iron from oral preparations [10] . The response to oral iron is relatively slow compared to intravenous (IV) iron supplementation [11, 12] , with an erythropoietic response to oral iron monotherapy in anemic patients with ND-CKD (defined as an increase in hemoglobin (Hb) of at least 1 g/dL) reported in as few as 14% of cases by 5 weeks [13] and ≤ 30% by 7 weeks [14, 15] . In patients who are unable to absorb adequate oral iron, or if more rapid anemia correction is required, IV iron can be initiated. Therefore, it would be helpful to understand what proportion of early nonresponders may respond later and, ideally, to predict which patients are unlikely to ever respond. Such information could help to reduce unnecessary delay in switching therapy and correcting anemia.
FIND-CKD was a large, multicenter 1-year trial of iron therapy in patients with ND-CKD who were not receiving ESA therapy [16] . Patients received either IV ferric carboxymaltose (FCM) with two different ferritin target levels or a regimen of twice-daily oral ferrous sulfate. A post-hoc analysis of patients randomized to the control arm was undertaken to establish response rates to oral iron therapy over time. Data from the intervention groups, in which patients received FCM, are shown for comparative purposes in a descriptive manner.
Materials and methods
FIND-CKD was a 56-week, open-label, multicenter, prospective, randomized, threearm study conducted across 193 sites in 20 countries (ClinicalTrials.gov NCT00994318).
The study methodology has been published previously [17] .
The study population comprised adult patients with ND-CKD. Key eligibility criteria were ≥ 1 Hb level between 9 and 11 g/ dL, with any ferritin level < 100 µg/L (or < 200 µg/L with transferrin saturation (TSAT) < 20%), within 4 weeks of randomization, and estimated glomerular filtration rate (eGFR) ≤ 60 mL/min/1.73m 2 . No ESA was to have been given in the 4 months prior to randomization. Patients with a documented history of discontinuing oral iron therapy due to significant gastrointestinal distress, or who had known active infection, C-reactive protein (CRP) > 20 mg/L or overt bleeding were excluded, as were patients with active malignancy.
Patients were randomized in a 1:1:2 ratio to one of three groups: IV FCM targeting a higher ferritin level (400 -600 µg/L) or a lower ferritin level (100 -200 µg/L), or oral iron. Oral iron therapy consisted of commercially-available ferrous sulfate at a dose of 304 mg (200 mg elemental iron) daily to week 52 (Plastufer ® 100-mg elemental iron capsules (Haupt Pharma Münster GmbH, Münster, Germany, and Valeant Pharmaceuticals GmbH, Munich, Germany). During the first 8 weeks post randomization, patients were not to receive alternative anemia management (ESAs, blood transfusion, or any anemia therapy other than study drug) unless there was an absolute requirement. Subsequently, ESAs and other therapies were permitted if Hb was < 10 g/dL. Degree of adherence to oral iron therapy was assessed for the overall study period by counting returned unused capsules at each visit ((number of tablets dispensed -number of tablets returned)/ (2 × (date returned -date dispensed)) × 100).
Patients were categorized as "responders" or "nonresponders" based on data collected at the week-4 visit. Response was defined as an increase in Hb of ≥ 1 g/dL vs. baseline. Hb data were censored after an alternative anemia therapy (e.g., ESA, blood transfusion, or alternative iron product) was started or after the study or study drug was discontinued. Data were analyzed for all patients with Hb values at baseline and at the relevant post-baseline visit. Centrally-assessed values were used where available, with local readings used if central data were unavailable at any particular time point. This substantially expanded the pool of patients for analysis compared to restricting it only to patients with central values, a difference largely accounted for by missing central values at baseline. Baseline characteristics were compared between (a) the population in whom locallyread values were used in the event of missing centrally-read values and (b) only those patients in whom centrally-read Hb values were available. The two approaches were similar, based on calculation of 95% confidence interval (CI) values for demographic and baseline characteristics (Supplemental Table 1 ), reinforcing the validity of including locally-read values where necessary.
Analyses are based on the intent-to-treat (ITT) population, consisting of patients who received at least one dose of randomized treatment and who attended at least one postbaseline visit. The Kaplan-Meier method was used to estimate time to event (i.e., Hb response) data, with groups compared using the log-rank test.
Results
In total, 626 patients were randomized (317 oral iron, 155 high-ferritin FCM, 154 low-ferritin FCM), of which 613 met the criteria for inclusion in the ITT population (308 oral iron, 153 high-ferritin FCM, 152 low-ferritin FCM) (Supplemental Figure 1) . Of the 308 patients in the oral-iron arm of the ITT population, the study was completed by 250 patients, with the most frequent reasons for discontinuation being withdrawal by the subject (n = 25), death (n = 12), adverse events (n = 9), and decision by the physician (n = 8) (Supplemental Figure 1) .
The mean (SD) age in the oral iron cohort was 69.3 (13.4) years, and the majority of patients (62.3%) were female. Mean (SD) Hb was 10.4 (0.7) g/dL (based on centrallyrecorded values), with a mean ferritin value 57.3 (42.4) μg/L and a mean TSAT value 15.5 (7.6)%. Hepcidin data were available in a subset of 35 patients (mean (SD) 2.30 (2.01) nmol/L). Use of medications that potentially interfere with uptake of iron included antacids (12.7%, n = 39), H 2 blockers or proton pump inhibitors (50.0%, n = 154), and the phosphate binders sevelamer or lanthanum carbonate (2.6%, n = 8). During treatment, mean (SD) adherence to oral iron therapy was 88.2 (18.4)%, with 230 patients (74.7%) showing adherence rates in the range of 80 -100%. A total of 81/308 patients (26.3%) started alternative anemia therapy.
Among the 308 patients analyzed in the oral-iron group, Hb levels were available at baseline and week 4 in 292 patients (either centrally-or locally-recorded values). The rate of Hb response by week 4 -defined as an Hb increase of ≥ 1 g/dL from baseline to the week-4 visit and excluding patients who started alternative anemia managementwas 21.6% (63/292). The other 229 patients were "nonresponders". For comparison, the response rates at week 4 in the high-ferritin and low-ferritin FCM groups were 40.9% (61/149) and 13.9% (20/144), respectively. Kaplan-Meier analysis showed a significant difference between the three groups in time to first response from baseline ( Figure 1a) . The median time to first response was 57 days (95% CI 34, 58) in the high-ferritin FCM group, 169 days (89, 195) in the low-ferritin FCM group, and 145 days (113, 185) in the oral-iron group.
Among patients who did not respond to oral iron at week 4, the cumulative rate of response by week 52 (i.e., the proportion of patients who first showed an increase in Hb of ≥ 1 g/dL at any point after week 4) was 48.8% in the oral-iron group (Figure 2) . At the week 8, 12, 24, and 52 study visits, respectively, 11.1, 19.9, 25.9, and 28.7% of patients who had not responded by week 4 showed a response ( Figure 3 ). On KaplanMeier analysis, there was a significant difference across all three treatment groups in terms of time to first Hb response after week 4 in the week 4 nonresponders (Figure 1b) . The median time to first Hb response in the week 4 nonresponders was 92 days (95% CI 85, 168), 187 (168, 253), and 253 (169, 309) days in the high-ferritin FCM, low-ferritin FCM, and oral-iron groups, respectively.
Overall, the cumulative rate of response (i.e., patients showing a response on at least one occasion) by week 52 was 83.0% (127/153) in the high-FCM group, 61.5% (91/148) in the low-FCM group, and 61.7% (185/300) in the oral-iron group (Supplemental Table 2 ). Figure 4 shows the cumulative use of alternative anemia therapy, such as ESA or an alternative iron therapy, in patients who did not show an erythropoietic response by week 4 (alternative therapy was permitted only as rescue therapy up until week 8). By the end of the 52-week study, 27.9% (64/229) of patients who did not show an early response to oral iron had received alternative therapy.
When baseline characteristics were compared between patients who did or did not respond to oral iron by week 4, there were no marked differences in age, gender, renal function (as assessed by eGFR), presence of diabetes or hypertension, or CRP level ( Table  1) . Use of concomitant medication that could potentially affect iron uptake from the gastrointestinal tract was also similar between early responders and nonresponders (Table  1) . Mean baseline levels of Hb, ferritin, and TSAT were all lower in the responder cohort vs. nonresponders, with ferritin showing the most pronounced difference (mean 37 μg/L vs. 61 μg/L). Adherence to the oral iron dosing schedule throughout the study, as described in "Materials and methods", was similar among patients who did or did not respond by week 4: mean (SD) adherence was 88.8 (16.3)% vs. 88.4 (18.5)%. There was a slightly higher adherence rate among the patients who responded to oral iron at some point during the study (mean (SD) 90.7 (14.0)%) compared to those who never responded (84.2 (23.5)%).
Discussion
Oral iron supplementation is widely used in anemic ND-CKD patients with iron deficiency; however, results from this large, prospective study highlight the limited efficacy of this approach, with only 21.6% of patients having responded four weeks after continuous treatment with oral iron. Subsequently, there was a gradual increase in the proportion of responders to oral iron but this lessened over time, and more than half of the patients who did not respond by week 4 never achieved an Hb increase of at least 1 g/dL during the year-long study.
The optimal timing to switch from oral iron to an alternative therapy in patients with ND-CKD, who do not show an increase in Hb, is not clear. In the current analysis, we elected to analyze responses by week 4 since after 1 month it would seem reasonable to monitor nonresponders more closely and to start considering an alternative intervention to avoid prolonged anemia. In this cohort, only a fifth had been switched to an alternative therapy by week 24, and fewer than 30% ever received alternative anemia therapy. It is possible that investigators may have kept patients on their randomized oral iron therapy in this controlled trial for longer than in routine practice, although a switch was permitted in the study protocol after week 8. The FIND-CKD study was not designed to test the efficacy of IV iron in patients not responding to oral iron therapy. Nevertheless, the strikingly higher rates of response in the high-ferritin FCM group highlight the potential benefit of switching oral iron nonresponders to IV iron therapy. Consistent with this, and beyond the area of CKD, a pooled analysis of data from the oral iron control arm of five randomized studies in patients with anemia of various etiologies (e.g., postpartum, heavy uterine bleeding, gastrointestinal disorders), reported in abstract form only, found that among patients without an Hb increase ≥ 1 g/dL after 2 weeks of oral iron therapy, 38.8% achieved a response after a switch to IV iron compared to only 10.2% who continued oral iron [18] .
The observation that baseline Hb was lower in early responders is as expected. Experience with IV iron, where there is no barrier to uptake, has shown that the largest erythropoietic response occurs in patients with the most severe anemia [19, 20] . Equally, it is intuitive that patients with the worst iron status, based on ferritin and TSAT levels, will benefit most from iron supplementation. A previous analysis of erythropoietic response to oral iron therapy in patients on hemodialysis also demonstrated that baseline ferritin is significantly and inversely associated with likelihood of response [21] . Female gender is a widely-recognized risk factor for poor iron status, but its effect here may be muted by the generally elderly population, in whom menstrual blood loss would not apply. Baseline CRP level showed no association with early response to oral iron, so the effect of CRP on Table 1 . Demographic and baseline characteristics according to response or nonresponse to oral iron therapy by week 4 (ITT population).
Responders
(n = 63) Nonresponders (n = 229) Age (years), mean (SD) 72 (14) 68 (14) Weight (kg), mean (SD) 77 (17) 79 (18) BMI ( iron uptake was not sufficiently potent to influence the rate of erythropoiesis. Additionally, patients in this study generally had low CRP levels, as mandated by the study inclusion criteria. An effect of CRP may be more pronounced in the real-life setting where many patients have higher CRP levels. Another potential factor is the influence of concomitant medication. Antacids, H 2 blockers, proton pump inhibitors, phosphate binders, and tetracycline antibiotics can all suppress uptake of oral iron from the gut [22] . Here, there was no substantial difference in the use of such agents between patients who did or did not respond early to oral iron. Low Hb and poor iron status are clinically-convenient indicators for the likelihood that patients may respond to oral iron therapy in this setting. Other possible predictors include hepcidin, a key regulator of iron metabolism, but hepcidin assays are not yet widely used, and data were not available in enough patients in the FIND-CKD study to be included in the analysis. The FIND-CKD study did not record other markers of red cell production, such as absolute or percentage reticulocyte count at baseline, which could be relevant [21, 22] , but since the majority of nephrology centers do not measure reticulocyte parameters, these are unlikely to be relevant in routine clinical practice.
The additional pill burden (usually three tablets a day) of oral iron therapy and frequent gastrointestinal side-effects both adversely affect adherence. In the context of this clinical trial, three-quarters of patients randomized to oral iron therapy showed good adherence, but in routine practice, rates may be lower. Level of adherence in the current population did not appear to account for differences between early responders and nonresponders, although there was a possible small effect of nonadherence in the longer term.
A strength of the current study is that it included a comparatively large group of 300 ND-CKD patients treated with a typical oral iron regimen, with a high adherence rate. The limitations include the lack of a placebo-treated parallel control arm, which means that the findings do not take account of treatment-unrelated fluctuations in Hb levels, either upwards or downwards. The extent of within-patient variations in Hb have been documented, for example in patients on hemodialysis [23, 24] , but applying estimates on the expected variations at 4-week intervals derived from other patient populations (e.g., hemodialysis patients, athletes, or healthy individuals) was not considered reliable.
In conclusion, these results suggest a low rate of early response to oral iron therapy (~ 22%), with only approximately half of early nonresponders showing a subsequent response (49%). It should be noted that patients were not receiving ESA therapy, and these findings do not necessarily apply to ESA-treated individuals or to other settings. On the other hand, oral iron intolerance was an exclusion criteria so adherence to oral iron therapy is likely to have been greater in this controlled trial than in the real-life clinical setting. Thus, nonresponse to oral iron in routine practice due to poor adherence may have been underestimated. The data from this study also suggest that lower baseline levels of Hb, ferritin, and TSAT may predict a higher probability of an early erythropoietic response to oral iron, but further research is required to develop more sophisticated predictive models.
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